MAX ) was measured using an incremental test to exhaustion on an electromagnetically braked cycle 107 ergometer (Lode Excalibur Sport, Groningen, Netherlands). A facemask was fitted throughout the exercise test, and 108 expired air was assessed for oxygen uptake and carbon dioxide production, averaged every 20 seconds, from breath-109 by-breath samples (Oxycon Pro, Jaeger, Wuerzberg, Germany). Heart rate (HR) was monitored every minute using a 110 Polar Vantage heart rate monitor (Polar Vantage, Kempele, Finland) ; maximal heart rate represents the maximum 111 heart rate achieved during the trial. Following a three-minute warm up at 30 watts, workload was increased by 30 112 watts every minute, until volitional exhaustion. The following criteria were used to indicate that MAX had been 113 reached: a fall in cadence below 60 rpm, a respiratory exchange ratio ( / ) >1.10-1.15, plateau in participant 114 oxygen consumption or a maximal heart rate >220 beats min -1 -age. 115
For study two, participants attended the laboratory to conduct an initial incremental discontinuous cycling test 116 to determine individual blood lactate threshold (BLT). The initial BLT and subsequent exercise trial were conducted 117 on participants' personal road bicycles mounted to an indoor cycle ergometer (Computrainer Lab, Racermate, Inc., 118
Seattle, WA). Prior to the BLT, resting capillary blood samples were collected from the earlobe to determine resting 119 blood lactate concentration. All blood lactate concentrations were determined immediately in duplicate using an 120 automated pre-calibrated analyser (P-GM7 MicroStat, Analox Instruments, London, UK). After a 10 min warm-up 121 consisting of cycling against no resistance, participants began the protocol which consisted of 3 min incremental 122 stages. Initial starting workload increments were dependent on participant fitness levels and ranged from 50 -100 W 123 and increments of 20 -25 W. Participants were instructed to maintain steady, comfortable revolutions per minute 124 (RPM) throughout the test. Heart rate and breath-by-breath metabolic data ( , , ventilation and respiratory 125 exchange ratio) were measured continuously using a metabolic cart (Quark CPET, Cosmed, Rome, Italy). The test was 126 terminated one incremental stage after attaining a blood lactate concentration of >4 mM. The power output 127 corresponding to the BLT was determined individually using the breakpoint method defined by Weltman (1995) . In 128 brief, blood lactate concentration (mM) was plotted against power (watts), with the threshold being determined as the 129 power output corresponding to the break-point where a curvilinear rise in blood lactate concentration is first observed 130 (48). For both studies, a rating of perceived exertion (RPE) was recorded using the Borg scale at each stage. 131 132
Experimental trials 133
MAX , before undertaking the steady state cycling task at 80% MAX for 20 minutes. A 136 facemask was fitted throughout exercise for breath-by-breath measurements. Workload was expressed as watts, and 137 relative to body mass (i.e., watts/kg). Values presented are the average workload over the entire exercise protocol and 138 were obtained directly from the electromagnetically braked cycle ergometer (Lode Excalibur Sport, Groningen, 139 Netherlands). Ratings of perceived exertion (RPE) were recorded using the Borg Scale every minute and RPE results 140 are presented as the maximal RPE during the trial (44-46). In study two, participants completed a 30 min exercise trial 141 at a workload corresponding to +5% of the individual blood lactate threshold. Following a 10 min warm-up, 142 participants were instructed to cycle at the same cadence maintained during the BLT test; RPM was monitored and 143 recorded every 5 min. Capillary blood samples were collected from the earlobe every 10 min for the analysis of blood 144 lactate. In both studies, heart rate was measured every minute, and data were expressed as a percentage of age-145 predicted maximum heart rate using average heart rate and the equation 191.5−0.007 × age 2 (18). 146 147
Blood sampling, cell isolation and flow cytometry 148
For both studies, blood samples were drawn into potassium ethylene diaminetetraacetic acid (EDTA) 149 vacutainer tubes (Becton & Dickson, Oxford, UK) after thirty minutes of rest, during the final minute of exercise, and 150 thirty minutes later (study one) or 60 minutes later (study two). 151
In study one, blood from each time point was diluted 1:1 with Roswell Park Memorial Institute media 152 (RMPI), and layered on top of Ficoll paque PLUS (GE Healthcare) (2:1), before centrifuging at 500 × g for 30 153 minutes at 21°C. PBMCs were aspirated and washed three times in RPMI by centrifuging at 400 × g for 5 minutes. 154
The cell pellet was re-suspended in 1-millitre of freezing mixture (70% RPMI, 20% fetal calf serum (FCS) and 10% 155 dimethyl sulfoxide (DMSO)) and frozen at −1°C /min using a freezing container (Nalgene "Mr Frosty" 156 Thermoscientific). Cells were stored at −80°C and analysed within six months. For analysis, PBMCs were thawed 157 rapidly at 37°C and washed twice in phosphate buffered saline (PBS) containing 2% FCS and 2mM EDTA (MACS 158 buffer) by centrifuging at 400 × g for 5 minutes. Cells were counted using a haemocytometer and approximately 159 300,000 PBMCs were added to tubes for incubation with fluorescently conjugated antibodies. Specific lymphocyte 160 populations were identified by immunofluorescent monoclonal antibody (mAb) staining of whole blood by eight-161 colour flow cytometry (FACS-CANTO II, Becton-Dickinson, San Jose, USA). The following mAbs were used to 162
PE clone #FN50 (BD Pharmingen, San Diego, USA), anti-CD10-APC-Cy7 clone #HI10a, and anti-CD38-PE-Cy7 165 clone #HIT2 (BioLegend, San Diego, USA). Using these mAbs, CD3−CD19+ B cell subsets were classified into 166 immature (CD27−CD10+), naïve (CD27−CD10−), memory (CD27+CD38−), plasma cells / plasmablasts 167 (CD27+CD38+) (5), as well as recently purported 'B1' cells (CD27+CD43+CD69−) (21) ( Table 1) . 7-168 aminoactinomycin D (7-AAD; PerCP channel; BD Pharmingen, San Diego, USA) was used to exclude apoptotic and 169 necrotic cells. FSC-area versus FSC-height was used for doublet discrimination. Flow cytometry analyses were 170 conducted using FlowJo version 7.6.5 (FlowJo LLC, Oregon, USA). The total leukocyte count was assessed using an 171 automated haematology analyser (Coulter Analyser, Beckman-Coulter, High Wycombe, UK). 172
In study two, PBMCs were separated from whole blood using almost identical methodology to study one, 173 except blood was diluted and cells were washed in PBS. In addition, approximately 1,000,000 fresh PBMCs were 174 stained in MACS buffer with the following fluorescently labelled mAbs using vendor-recommended concentrations:
8 All results are presented as mean ± standard deviation unless otherwise stated. Statistical calculations were 192 performed on IBM SPSS for Windows Version 21. Kolmogorov-Smirnov tests were used to test for normally 193 distributed data. Repeated Measures Analysis of Variance (ANOVA) was used to contrast changes over time 194 (baseline, exercise and +30 min post-exercise for study one or +60 min post exercise for study two), with between 195 group factors used to assess differences between study one and two, where necessary. Post-hoc pairwise comparisons 196 between time-points were performed using Bonferroni adjustment for multiple comparisons. Between study 197 differences at a given time point (physiological data in Table 2 ) were assessed using one-way ANOVA. Statistical 198 significance was accepted at the p < .05 level. 199
RESULTS 200

Physiological responses to exercise and workload measurements 201
All participants completed the exercise protocol in each study. Table 2 displays the summary data for power 202 output, workload, maximal heart rate during exercise, and maximal rating of perceived exertion. As expected, a 203 significant increase in all of these variables (p < .01) was observed during both exercise trials. Given that the trials 204
were not intensity-matched, the trials differed significantly in terms of power output and workload. As outlined in 205 Table 2 , participants in study one reported a higher rating of perceived exertion compared to participants in study two, 206 whereas participants in study two exhibited a higher average power output and workload compared to participants in 207 study one. Participants in study two had a higher MAX compared with those taking part in study one. There were 208 no other significant differences between the participants taking part in each study, or for any other baseline parameters 209 measured. 210 211 Table 3 displays total lymphocyte numbers before, during and after each of the exercise trials. As expected, 213 total lymphocyte counts increased significantly during both exercise trials (p < .01), and we observed a greater 214 increase in total lymphocytes from baseline to the final minute of exercise for study one (+150%) compared to study 215 two (+80%) (F (2,14) = 13.1; p = .003). In the recovery period post-exercise, there were no significant decreases in total 216 lymphocyte number at 30 minutes (study one) or 60 minutes (study two) post-exercise compared to pre-exercise 217
Effects of acute exercise on total lymphocytes and total B cells 212
The effects of each exercise trial on total B cell numbers is displayed in Table 3 . In both studies, B cells 219 increased from baseline to the final minute of exercise. Despite differences in exercise intensity, we found no 220 differences between studies for the magnitude of total B cell mobilisation (p = NS). CD19+ B cells returned to resting 221 levels at 30 minutes post-exercise in study one. A marginal decrease in CD20+ B cells below resting levels was 222 observed at 60 minutes post-exercise in study two suggesting that B cells may leave the bloodstream to peripheral 223 sites post-exercise, as previously reported (8). Table 3 shows the effects of each exercise trial on B cell subsets. All B cell subsets increased significantly 227 during exercise in study one (p < .01). The largest numerical contributors to the increase in CD19+ B cells were naïve 228 cells. However, there was an overall trend whereby immature B cells showed a greater proportional increase than 229 naïve and memory B cells (see Figure 1) ; though, these differences were not significant. Immature, naïve and memory 230 B cells returned to resting levels at 30 minutes post-exercise. Plasmablasts and purported 'B1' cells also increased 231 during exercise, and returned to resting levels at 30 min post-exercise (Table 3) . Unlike study one, we did not observe 232 a significant increase across all B cell subsets during exercise in study two. Indeed, main effects of time were only 233 observed for immature and total memory B cells (p < .01); these cells returned to baseline levels at 60 minutes post-234 exercise. No significant increases were observed for class-switched IgA+ or IgG+ memory cells (p = NS). Like study 235 one, immature B cells appeared to be more sensitive to exercise than memory and naïve B cells (Figure 1) . 236
To further elucidate whether immature B cells were more responsive to exercise than other B cell phenotypes 237 in each study, we compared the percentage change in immature cells with the percentage change in all other B cell 238
subsets, but no differences were observed (p = NS; data not illustrated). However, upon combining data from both 239 studies, an effect was found whereby immature cells were mobilised more than other B cell subsets (see Figure 2) , 240
giving an indication that exercise may preferentially increase the number of immature cells over other B cell subsets 241 (F (1,30) = 4.9; p = .034). This approach is justified because cell surface CD10+ and IgD− expression on CD27− B cells 242 overlaps and broadly represents immature B cells (5, 30, 40) . Using the same approach of combining other data from 243 the two exercise studies did not yield significant results for other B cell subsets, further supporting the finding that 244 immature B cells are most responsive to exercise stress. 245
DISCUSSION 246
This is the first study to document the effects of acute exercise on the mobilisation of a broad range of 247 phenotypically distinct B cell subsets. We found, in the two independent exercise trials reported in this study, that 248
immature B cells showed larger mobilisation responses than memory and naïve B cells. 249
To date, the phenotypic composition of B cell mobilisation during exercise has been poorly characterised. 250 This is despite numerous findings showing that total B cells increase two-fold during strenuous cycling (4), intensive 251 running (14), maximal rowing exercise (36), and after strenuous resistance exercise (31, 32). A similar effect is 252 observed during psychological stress (8). In the aforementioned stress study it was shown that CD62L− B cells arehypothesised that this finding represented the first step in the redirection of antigen-experienced B cells to peripheral 255 tissues. This is partly supported by our results where memory B cells appeared to increase more than naïve B cells, 256 albeit marginally. Despite these findings, the apparent larger mobilisation of immature B cells observed in our study 257 appears to contradict the hypothesis that effector B cells (i.e., with an antigen-experienced phenotype) are 258 preferentially mobilised by stress or exercise. Importantly, it has been shown that repeated exposure to acute stressors 259 appears to redirect B cells from the bone marrow to the spleen (13). It is suggested that the primary reason B cells 260 traffic to the spleen (i.e., the largest secondary lymphoid organ) after stress is to prepare for body injury and 261 subsequent pathogenic infection so that large numbers of naïve B cells are 'on-site' to efficiently screen for antigen 262 targets (13). The findings of our study may support this standing given that immature cells, which have yet to interact 263 with cognate antigen, were preferentially increased in the bloodstream for presumed later redistribution to secondary 264 lymphoid organs, where subsequent maturation and antigenic screening occurs. 265
In order to phenotype circulating B cells, each of the studies in this investigation used CD27 as a backbone 266
marker to distinguish between naïve and memory cells (29). It is clear however, that phenotyping memory B cells is 267
not straightforward, and these cells exhibit many levels of plasticity, and are likely comprised of a range of memory 268 subsets that may include T cell-dependent, T cell-independent, class-switched and class-unswitched phenotypes, 269 among others (28, 40) . For this reason, further markers -in addition to CD27 -are needed to more precisely 270 characterise B cell subset responses to exercise. The challenges associated with B cell phenotyping in humans is 271 highlighted in the context of a population of purported 'B1' cells (21), which were also measured in the study herein. 272 'B1' cells are a population of B cells, originally identified in mice that produce high levels of low-affinity natural 273 antibody. In rats, it has been shown that natural IgM and B1 cells are increased in physically active versus sedentary 274 animals, but the effects of exercise in humans has remained unclear (11, 12) . Recently, however, it has been shown 275 that the phenotypic markers proposed for purported human 'B1' cells are, in fact, a population of pre-plasmablasts in 276 humans (6). In agreement with the latter paper, we found that approximately 50% of 'B1' cells also expressed CD38 277 (data not shown) and thus likely represented a plasmablast phenotype (6). Finally, although the two exercise protocols 278 in this investigation led to significant changes in the percentages of circulating immature B-cells, it is important to 279 acknowledge that the absolute numbers of cells mobilised into peripheral blood remained modest. Future studies may 280 be able to provide insights on the biological significance of the exercise-induced changes in the immature B cell 281 compartment.each trial. This idea is partly supported by the fact that study one -which resulted in a higher RPE and heart rate than 285 study two -mobilised total B cells to a greater extent. A dose-response relationship between exercise intensity and the 286 magnitude of lymphocytosis is well known (4, 22). It has also been established that the magnitude of exercise-induced 287 cortisol and catecholamine release, which have been implicated in maintaining lymphocytopenia (9), are strongly 288 influenced by exercise intensity and duration (15, 16, 22, 24) . In the work presented herein, in the recovery period 289 following exercise (30 minutes in study one, and 60 minutes in study two) we did not observe a B cell 290 lymphocytopenia. Thus, it is likely that an exercise stimulus greater than the 20-30 minutes examined in the present 291 work would result in a more substantial post-exercise egress of cells from the bloodstream (15, 16, 22) . Therefore, via 292 the implementation of more strenuous and prolonged exercise protocols, with a larger number of participants, future 293 studies may be able to better elucidate the phenotype of B cell subsets mobilised by exercise and those leaving the 294 bloodstream in the post-exercise period. A final consideration is that although it was our intention to employ different 295 exercise protocols and different cell phenotyping strategies between the two studies, study one undertook flow 296 cytometry analysis on PBMCs that had been cryopreserved, whereas study two undertook analyses on fresh PBMCs. 297
There is conflicting evidence to suggest that freezing and thawing cells can lead to a selective loss of certain 298 peripheral blood cell sub-types (19, 38). However, in this work we generally observed similar exercise-induced 299 patterns in B cell mobilisation between the two exercise studies. In addition, the viability of our cryopreserved cells 300 was >98% in all samples as shown by 7AAD exclusion (data not shown). Thus, it is unlikely that cryopreservation 301 affected the overall results. 302 303
CONCLUSION 304
This investigation found, by employing two separate exercise protocols, and by using complimentary 305 phenotyping strategies, that exercise results in a mobilisation of B cells, of which the largest numerical contributors 306 were naïve cells. As expected, very few plasma cells and class switched IgG+ / IgA+ memory cells were present in the 307 peripheral blood, and did not appear to change substantially during exercise. Immature B cells showed that largest 308 magnitude of change in response to exercise, in both exercise trials, followed by memory B cells and naïve cells. 309 Thus, our findings show that, unlike T cells and NK cells (3, 4) , B cell mobilisation is not driven by effector status,and, for the first time, that B cell mobilisation during exercise is partly comprised of immature CD27− IgD−/CD10+ 311 cells, which may aid in the screening of novel pathogens. 312 
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